Recent developments regarding the Weak Gravity Conjecture suggest the existence of a quantum-gravitational version of Cosmic Censorship. We explore the form that this "quantum Censorship" might take in a concrete example, provided by the five-dimensional asymptotically AdS Kerr spacetime. Classical Censorship permits AdS 5 -Kerr black holes with arbitrarily large angular momenta per unit mass, despite the fact that these black holes are holographically dual to four-dimensional field theories describing strongly coupled matter with bounded vorticity. We argue that "quantum Censorship" should forbid this, and we explain the specific way in which this works when these black holes are embedded in string theory. We are guided by the proposed holographic duality of AdS 5 black holes with field theories which under some circumstances resemble the one describing the Quark-Gluon Plasma.
Censorship, Angular Momentum, and Holography
The Cosmic Censorship conjecture has recently come under very close scrutiny: in particular, whereas at one point it seemed that there was strong evidence that it can be violated (in the asymptotically AdS case) [1, 2] , it now appears that, if the Weak Gravity Conjecture [3] holds, these counter-examples are not physical [4, 5] . Further strong evidence in favour of "AdS Censorship" has also recently been found [6] ; so one is in a position to claim that Censorship is still viable in this context. (See [7] [8] [9] for recent discussions of the viability of Censorship in the asymptotically de Sitter context.)
One way to understand these developments is to consider the possibility that Censorship is much more powerful in quantum gravity than it is classically. From this point of view, "quantum Censorship" is some general principle, as yet not precisely formulated, which extends classical Censorship and identifies spacetimes which are inconsistent when one attempts to embed them in a more complete quantum theory [10, 11] . This approach links Censorship to other recent developments in quantum gravity (see for example [12, 13] , and also to work on the evolution of black holes under Hawking evaporation; there it appears that black holes can evolve in unexpected ways, which nevertheless seem always to respect Censorship [14] [15] [16] [17] .
We propose to study these developments from the point of view of holographic duality [18] [19] [20] and its applications.
It is well known that, in spacetime dimensions higher than five, Censorship does not forbid arbitrarily large black hole angular momenta for a given mass [21] . In the five-dimensional, asymptotically flat case, Censorship does have that effect, as of course it does in four dimensions [22] . In the study of holographic duality, asymptotically AdS fivedimensional black holes play a central role, so it is natural to extend the question to ask: in AdS 5 -Kerr case, does (classical) Censorship put a bound on the angular momentum of a black hole 1 of given mass? The question is potentially of great interest also for applications of holography, since a generic black hole rotates, and a generic strongly coupled fluid has non-zero vorticity.
The answer to this question is that classical Censorship does not impose such a bound [24] ; one can construct explicit examples of such black holes, of given mass, which satisfy classical Censorship while having an arbitrarily large angular momentum 2 to mass ratio A. Indeed, the effect of classical Censorship for these black holes is just to exclude a band of values for A/L (where L is the asymptotic curvature length scale) around unity. That is, A/L has either to be smaller than a certain value less than unity, or greater than a certain value larger than unity. One has in this second case (see below) 1 < Γ + µ < A/L, where Γ + µ is a number determined (only) by the dimensionless mass µ of the black hole. We wish to argue, first, that this second possibility is not physically reasonable, and, 1 For the sake of simplicity and clarity, we shall throughout this work consider only singly-rotating AdS 5 -Kerr black holes. For a discussion of Censorship for singly rotating higher-dimensional black holes in the asymptotically flat case, see [23] . 2 The condition for classical Censorship to hold in a five-dimensional uncharged black hole spacetime, in both the asymptotically flat and the asymptotically AdS cases, is simply a 2 < 2M, where a and M are the usual geometric black hole parameters. The great difference between the two is that, in the asymptotically flat case, a and M have direct physical interpretations, while in the asymptotically AdS case they do not : the physical angular momentum to mass ratio A and the physical mass M are related to a and M , but only in a rather complicated and indirect way.
second, that it will not survive when one attempts to embed AdS 5 -Kerr spacetimes in string theory: this will be a consequence of "quantum Censorship". That is, quantum Censorship in this case implies that A/L < 1. (This condition, when combined with classical Censorship, implies a further, of course stricter, upper bound on A/L.)
The first reason for "censoring" arbitrarily large values of A/L is the simple fact that physical (four-dimensional) black holes are apparently governed by a bound on the angular momentum given the mass. The fundamental reason for this is not entirely clear (see the remarks of Kerr himself in [25] ). Nevertheless all black holes observed hitherto do respect this condition, some coming very close to saturating it [26] ; this suggests, on fine-tuning grounds, that objects with angular momenta violating Censorship do not exist in our Universe 3 . The advent of black hole imaging may offer further tests [28] , so this remains a question of current observational (and theoretical [29] ) interest; but for the present one can assume that Censorship does prohibit large angular momenta in physical black holes of given mass. Of course, this does not force us to assume that the same is true of the five-dimensional, AdS case, but it is highly suggestive. It could be, for example, that the fundamental principle enforcing Censorship in four dimensions is also operative in the holographically dual (that is, physically equivalent) [19] five-dimensional spacetimes.
Secondly, this gauge-gravity duality, which motivates our interest in AdS 5 -Kerr spacetimes, suggests that these objects are dual to non-gravitational systems in which, again, arbitrarily large angular momenta are not permitted when other parameters are fixed. Specifically, it has been argued [18, 19] that, under some circumstances, the strongly coupled field theories arising in gauge-gravity duality might give an approximate description of the strongly coupled Quark-Gluon Plasma (QGP) produced in collisions of heavy ions. In this case, the black hole parameter A has a dual interpretation as the ratio of the angular momentum and energy densities of the QGP produced in peripheral heavy-ion collisions 4 . Now the angular momentum transferred to the plasma in a given collision cannot, of course, be arbitrarily prescribed: it is determined by the impact energy and the centrality of the collision. In particular, for collisions producing a plasma with a definite average energy density, one can compute (see [34] ) a maximum possible value for the angular momentum (as a function of centrality). The dual statement is that, for a black hole of given mass, there is an upper bound on the black hole angular momentum and therefore on A. It follows that, if the gauge-gravity duality gives an even qualitatively correct account of the actual QGP, then arbitrarily large values of A, for a given mass, are not acceptable.
In short, then, there are "holographic" reasons to think that AdS 5 -Kerr black holes with A/L > 1 do not survive the transition to quantum gravity: specifically, to string theory. This is a very strong restriction. Indeed, from the bulk point of view it seems strange that the amount of angular momentum a black hole in AdS 5 can acquire should be strictly limited by the background asymptotic curvature, which does not appear to be relevant and which is in any case the dominant parameter only very far from the black hole. Furthermore, while it is true that AdS 5 -Kerr black holes with A/L > 1 have some rather peculiar properties (for example, the spacetime contains a region with closed timelike worldlines), it is not immediately clear that these peculiarities cannot be dealt with (by, for example, "unwinding" the closed timelike curves, as may be possible for the more familiar Taub-NUT spacetimes [35, 36] ).
Nevertheless, it is clear from the holographic perspective that such objects are unwelcome, almost indeed as unwelcome as the naked singularities prohibited by classical Censorship. It would clearly be very satisfactory if "quantum Censorship" could eliminate both, perhaps at the same time shedding light on why AdS black hole angular momentum should be related to the asymptotic spacetime curvature.
In [24] we studied this question, focussing on a "stringy" effect, pointed out by Seiberg and Witten [37] [38] [39] , which arises as a possible pair-production instability (of branes) in asymptotically AdS spacetimes. The result was rather remarkable: avoidance of SeibergWitten instability does in fact translate in this case to an upper bound (see below) on A/L. That is, in string theory, a (singly rotating) AdS 5 -Kerr black hole of given mass cannot rotate with arbitrarily large angular momentum. This effect arises because A and L compete to control the rate of growth of the areas and volumes enclosed by branes as one moves far away from the black hole; the instability is triggered when A "outcompetes" L. Thus string theory explains the fact that A must be bounded by (some multiple of) L if the black hole is actually to exist within the theory.
The Seiberg-Witten upper bound on A/L, however, is larger than unity (it is about 2.83); and so, in some cases, there is a gap between the lower bound (Γ + µ , see above) imposed by classical Censorship and this upper bound.
We will argue that most black holes corresponding to this "gap" are in fact unstable to the familiar superradiant instability [40] . The remaining cases will be argued to be unphysical, by showing that they correspond holographically to plasmas with parameters that cannot occur: such plasmas would immediately hadronize. The combination of these effects enforce A/L < 1, and therefore "quantum Censorship", in this case. We see that there is a close relationship between Censorship and the constraints imposed by both string theory in the bulk, and the holographic duality with QGP-like matter on the AdS 5 boundary.
We begin with a brief review of the geometry and physical quantities describing a singly-rotating AdS 5 -Kerr black hole.
Singly Rotating AdS 5 -Kerr Black Holes
The AdS 5 -Kerr metric [41] [42] [43] , for a black hole rotating about a single axis, is given by
where
Here L is the AdS curvature length scale, t and r are as usual, (θ, φ, ψ) are Hopf coordinates on the three-sphere, and a and M are positive parameters with a purely geometric meaning; however, they determine the physical mass M, and the angular momentum per unit mass, A, through the relations [43] 
Here ℓ B is the gravitational length scale in the bulk. Notice that M depends on both M and a; notice too that, while there is a one-to-one correspondence between a and A, their ranges are very different: a/L ranges in [ 0, √ 3 ) (excluding unity, but this will not matter here), while A/L ranges in [ 0, ∞) (again excluding unity). It is useful to note that (4) implies that a/L < 1 if and only if A/L < 1.
The Hawking temperature is given [43] by
where r H denotes the horizon "radius", and the entropy is
The specific entropy S ≡ S/M has, in natural units, dimension of length, and so ST H is dimensionless: it is given by
Another dimensionless (in natural units, which we use exclusively here) quantity of interest to us is AT H , given by
These two quantities are of particular interest to us: on the one hand they have clear dual interpretations in terms of the parameters describing the boundary field theory, and, on the other, they can be expressed entirely in terms of dimensionless quantities, namely a/L and r H /L. Thus they do not require us to specify a numerical value for L, which is crucial here since the possible magnitude of L relative to the other parameters is precisely what we need to determine. (Furthermore, they do not require a knowledge of the value of ℓ B , as for example the entropy itself does.) We now review the form classical Censorship takes for these black holes.
Classical Censorship for Singly Rotating AdS 5 -Kerr Black Holes
Classical Censorship for these black holes takes the following form. (For greater detail, see [24] .) In terms of the geometric black hole parameters M and a, it states that we must have a 2 < 2M.
This appears to impose an upper bound on the angular momentum per unit mass for a black hole of fixed mass; and indeed that is the correct interpretation in the asymptotically flat case. In the asymptotically AdS case, however, it does not have that interpretation, since, as we saw earlier, a and M are in this case related only distantly to the physical parameters M and A. In order to express this condition in terms of the physical parameters, it is convenient to make use of the quantity Ξ, defined in (2) above, as a representative of A: the two are related by the equations
and
Using this variable, one finds [24] that Censorship is expressed as
where µ is the dimensionless physical mass of the black hole,
The quadratic in (12) has a negative real root, Ξ − , which is an increasing function of µ, and a positive real root, Ξ + , which is a decreasing function of µ. It follows by elementary considerations that Censorship holds if and only if either
or
In this case, then, classical Censorship does not forbid arbitrarily large angular momenta per unit mass, as it does in the asymptotically flat case: it only excludes a band of values of A/L around unity (for a given fixed physical mass).
In particular one has
a monotonically decreasing function of µ, which tends down to unity as µ → ∞. That is, the lower bound rises as the mass decreases. In particular, for later use, we note that Γ + µ ≤ 2 √ 2 if and only if µ ≥ 2. On the other hand, we have
and this is an increasing function of µ; in this regime (a/L < 1) one has an upper bound.
Thus we see that the width of the forbidden band depends on the physical mass; in particular, one can cause it to be as narrow as desired by increasing the mass of the black
is the statement of Censorship granted that one knows that A/L < 1. In other words, (18) is the statement of quantum Censorship for AdS 5 -Kerr black holes.
In [24] we argued that A/L < 1 is a very strong condition, one to which we should commit only with care; as we have seen, it does not follow from classical Censorship alone. We need to understand in detail why A/L > 1 is not possible.
Our interest here is in what happens when these objects are embedded in a more complete theory, which we take to be string theory. Let us now consider that.
Quantum Censorship I: Seiberg-Witten Criterion
Seiberg and Witten [37] (see [38, 39] ) showed that the study of BPS branes propagating in asymptotically AdS spacetimes leads to a condition which must be satisfied if the system is to be stable. Subsequent work [47] [48] [49] [50] has shown that this condition is actually a reflection of very deep internal consistency conditions in string theory; systems which fail to satisfy it are not solutions in the full theory. That is, the Seiberg-Witten condition has a similar status to the one conjectured to hold for "quantum Censorship". We will argue that this is no coincidence.
Following [37] , in [24] we considered a BPS brane located at radial coordinate value r in the singly rotating AdS 5 -Kerr spacetime, and computed the action. For large r, one finds that this action takes the form
where C and D are constants determined by the black hole parameters; the ellipsis denotes terms which are negligible at large r; the constant of proportionality is positive. Clearly, the action will be unbounded below, signalling an instability, unless the condition
is satisfied. In terms of the more physical parameter A, we must have
if the black hole is to be stable in string theory. We will refer to either (20) or (21) as the Seiberg-Witten criterion. Thus indeed string theory forbids arbitrarily large values of A/L.
Combining (21) with the lower bound imposed by classical Censorship (the inequality (15)), we have, in the case a/L > 1,
where Γ + µ is the function of the dimensionless physical mass µ given in equation (16) . This statement points to a string-theoretic version of Censorship, one which includes but is more restrictive than its classical counterpart. This is, we have argued, as one should expect.
However, "string-theoretic Censorship" does still apparently allow some values of A/L > 1. That does not seem reasonable. It is natural to ask whether the gap permitted by (22) actually exists.
Quantum Censorship II: Hawking Radiation
Let us suppose that it is possible to create a black hole with A/L satisfying (22) . We now ask: how do the parameters evolve as the black hole undergoes Hawking evaporation? The effect of evaporation is to reduce the mass; as we have seen, this will increase Γ + µ , narrowing the "gap". Could it be that Hawking evaporation might actually close the gap? This hope was expressed in [24] .
It was shown by Page [51] that, for asymptotically flat four-dimensional Kerr black holes, Hawking radiation causes the black hole to shed both mass and angular momentum; but the latter is lost more rapidly, so the ratio of angular momentum to mass decreases, except in unusual circumstances. These circumstances were made explicit by Chambers et al. and Taylor et al. [52, 53] , who showed that the ratio can increase under evaporation, if a sufficient number of distinct massless scalar fields are present -as they might well be in a full string-theoretic treatment. We can expect similar comments to apply in our case: when a rotating black hole forms in AdS 5 , A may subsequently either decrease or increase.
If indeed A does increase, the black hole is clearly in danger of violating the upper bound in (22) . On the other hand, if it decreases, then it is in even graver danger of violating the lower bound, because, as we have seen, that lower bound rises as the mass decreases. This means it is possible that any black hole with A/L initially in this range will eventually move out of it, which would mean that the entire range is unphysical: the gap closes. (As we mentioned earlier, Γ + µ ≤ 2 √ 2 if and only if µ ≥ 2, so if, eventually, µ < 2, then the gap closes. We will return to this observation later.)
Contrary to this idea, however, is the following observation: in the AdS case [54] , a black hole can have a positive specific heat; and in fact all of the black holes we are considering here do so. It is straightforward to show 6 that, when a/L > 1, the temperature (equation (5)) is a monotonically increasing function of r H (which, for fixed A, is in turn a monotonically increasing function of M). This means that, whether A/L increases or decreases initially under the effects of Hawking radiation, it is entirely possible that the evolution is eventually halted by the black hole coming into equilibrium with its own radiation, and this might happen before either the upper or the lower bound is violated.
In fact, studies [14] [15] [16] of the evolution of other black holes under the effects of Hawking radiation strongly suggest that the evolution is always such as to avoid violation of Censorship; this is true both in four and in higher dimensions [17] . In the case at hand, since the lower bound on A/L continuously rises as evaporation proceeds, the only way to avoid violating Censorship is indeed for equilibrium to be reached, with both bounds possibly still satisfied.
We conclude that neither classical Censorship nor semi-classical Hawking evaporation can be proved to imply that A/L > 1 cannot occur. However, there is another (classical) effect which can have that effect.
Quantum Censorship III: Superradiance
As is well known, rapidly rotating AdS black holes are at risk of being destabilized by the emission of superradiant modes [40] : these cause the black hole to lose both mass and angular momentum. Therefore, if the condition for stability against superradiance is not satisfied, the black hole must evolve until the parameters are such that it is 7 . For the applications of holography in which we are interested here, this essentially means that black holes which are unstable in this sense can be regarded as non-existent.
In our case, the relevant quantity is given by
It is known [21] that a sufficient condition for stability against superradiance is that ς < 1, and there is good evidence that this condition is also necessary; here we will assume that to be the case.
In [24] we gave an example to prove that AdS 5 -Kerr black holes can be stable in this sense even if A/L > 1, though certainly such black holes can also be unstable to this effect for other parameter values. Let us explore this further. 6 In fact, one can show that singly rotating AdS 5 -Kerr black holes can only have a negative specific heat if A/L < √ 17/25 ≈ 0.165. 7 The precise way in which this happens is not, in most cases, understood; fortunately we do not need these details.
Clearly ς can be regarded as a function of a/L and r H /L. However, the latter is given in terms of a/L and M/L 2 through the equation
derived from the second relation in the set (2). Thus ς can be expressed as a function of the black hole geometric parameters a/L and M/L 2 . As such, its graph is shown in Figure  1. (The lower end of the range for M/L 2 is chosen for compatibility with (9); the upper end of the range for a/L corresponds to arbitrarily large values of A. The other ends of the ranges are chosen for convenience.) The graph indicates the following observations
(confirmed by detailed numerical investigations, where relevant).
(1). When M/L 2 is smaller than 1/2, then a 2 /L 2 < 1 is enforced by classical Censorship. In fact, the requirement that superradiance should be absent imposes a far stronger constraint in this case, a/L <≈ 0.466. In summary: when M/L 2 is smaller than 1/2, or larger than approximately 4.12, a/L (and therefore A/L) cannot exceed unity. In the case of M/L 2 < 1/2, this is due to classical Censorship, but in the more interesting case of M/L 2 >≈ 4.12, it is because the black hole cannot be stable. This instability is due either to superradiance or to the Seiberg-Witten effect.
The question now becomes: what happens when M/L 2 is in the range between 1/2 and 4.12?
In all other cases, we have been able to show explicitly that black holes with A/L > 1 do not exist in a full string-theoretic treatment of the bulk physics; but in this case, we have not succeeded in demonstrating that. However, we can adduce very strong indirect evidence that AdS 5 black holes with M/L 2 between 1/2 and 4.12 would not exist in a full treatment, as follows: we will show that such objects do not correspond to a possible state of matter in the dual field theory.
It is conjectured [18] [19] [20] that some aspects of the boundary field theories dual to AdS black holes may possibly resemble, at least in a rough qualitative sense, the field theory describing the actual, physical strongly-coupled fluid formed in collisions of heavy ions at (for example) the RHIC facility [30] : that is, the Quark-Gluon Plasma or QGP. One can hope that a full string-theoretic treatment of the bulk would be dual to a boundary theory which still more closely describes the actual QGP. Now one of the most basic and important properties of strong-interaction physics is the fact that the QGP does not exist for arbitrarily low energy densities or temperatures: this is the celebrated phenomenon of quark-gluon confinement. It follows that not all asymptotically AdS black holes are "realistic", in the sense of being dual to actually realizable physical systems at conformal infinity. In the next Section, we suggest that it may be possible to find guidance from this as to the possible values of the parameter M/L 2 : we will in fact argue that values of around 4.12 and below are not physically realizable by the dual theory, and therefore that the corresponding black holes do not survive the transition to a full string-theoretic account of the bulk. In short, this case belongs firmly in the "swampland" [10] .
Quantum Censorship IV: Guidance from the QGP
Our objective is to see whether observations or (more realistically) phenomenological models of strongly coupled matter, in particular, of the QGP, can offer any guidance, through holography, as to the range of bulk black hole parameters that can actually occur. In particular, we are interested in guidance, from the fact that confinement occurs, as to the possible values of the "mass" parameter, M.
We approach this problem in the following way. First, we consider the phenomenological model discussed in [55] , which pertains to central ("head-on") collisions at impact energies studied at the RHIC facility. From there, we obtain realistic estimates, for each given impact energy, of a particularly interesting parameter, the specific entropy, that is, the ratio of the entropy density of the plasma to its energy density. (Such ratios are useful because they are less affected by the expansion of the plasma than the individual densities; they are also useful here because their holographic duals are independent of various parameters that we do not know, as discussed earlier.) Fixing the holographic dual quantity S (see below) to this value, and fixing the Hawking temperature of the bulk black hole to the corresponding plasma temperature (again from [55] ), we can estimate the product 8 ST H and then use the holographic model to compute the bulk parameter M/L 2 ; this can be compared with the critical value 4.12, discussed above. First, however, we need to find a way around the following technical difficulty. The collisions studied in [55] do generate strongly-coupled plasmas, but these plasmas do not have significant vorticities, so their holographic duals correspond to AdS 5 -ReissnerNordström black holes in the bulk. (The electric charge on the black hole is required [18] in order to model the non-trivial baryonic chemical potentials of these plasmas.) We will first study these black holes, with S and T H fixed holographically at realistic values, and then reduce the charge to zero, obtaining of course the AdS 5 -Schwarzschild black hole corresponding to the given specific entropy and temperature; we can study the effect of this on M/L 2 . Then we can "turn on" the angular momentum to obtain the (singly rotating) AdS 5 -Kerr geometry, again studying the effect on the mass parameter 9 . The argument will be that the values of M/L 2 in the AdS 5 -Schwarzschild case are well above 4.12, and that both electric charge and angular momentum tend to increase those values: thus, in all realistic cases, values as low as 4.12 are never attained.
Let us begin, then, with a review of the properties of the AdS 5 -Reissner-Nordström black holes.
Holography of the AdS 5 -Reissner-Nordström black hole.
An AdS 5 -Reissner-Nordström black hole metric takes the form (when the event horizon is spherical)
Here the coordinates are similar to those used in the AdS 5 -Kerr case. The parameters M and Q determine the physical mass and charge of the black hole, M and Q, through the relations
The Hawking temperature in this case is
where r H locates the outer event horizon through the equation
The entropy is
The black hole specific entropy, S ≡ S/M, is therefore
Now we turn to the parameters describing the QGP, and their holographic duals. As usual, the temperature T of the plasma is identified with the Hawking temperature T H of the black hole. Let s denote the plasma entropy density, and ε its energy density; then the specific entropy of the plasma, s/ε, corresponds holographically to S. Finally, the baryonic chemical potential of the plasma, µ B , is related holographically to the black hole charge parameter by
where ̟ is a positive constant. We will not need this relation, except as a reminder that, since µ B is not negligible (relative to the temperature) for the plasmas in which we are interested here, we cannot (initially) ignore the charge on the black hole. We note in passing that the statement of classical Censorship for these black holes is
from which we see that "small" values of M/L 2 could impose (perhaps excessively) strong bounds on the baryonic chemical potential. This remains to be investigated. Now combining (30) with (27), we find
If S is fixed at s/ε, and T H at the plasma temperature, then this relation can be interpreted as giving r H as a function of Q 2 . As such, it is an increasing function. From equation (30), we now see that, under these constraints, M is an increasing function of Q 2 .
In short: if we fix the specific entropy and temperature (for holographically dual plasmas produced at a given impact energy) at some values suggested by a phenomenological model, and if we proceed to use the mass of the corresponding AdS 5 -Schwarzschild black hole to compute M/L 2 , then we will be under-estimating that quantity. Bearing this in mind, let us proceed to compute M/L 2 in the AdS 5 -Schwarzschild case. Our strategy is to show that values of this quantity of 4.12 or below are not realistic. In view of our findings in this section, the inclusion of a non-zero baryonic chemical potential would only strengthen that conclusion.
The formulae we need in this case can be obtained from the singly rotating AdS 5 -Kerr case simply by setting a = 0. From (2) we have in this case
This in turn is found 10 by solving equation (7), which in this case is
the left side is to be computed by equating it to sT /ε, which in turn is to be computed using the results of [55] . Before proceeding to that, let us note that equation (33) makes a very remarkable prediction as to what we should expect to find in [55] : since the right side is manifestly positive, we have
which of course means that the holographic model predicts sT /ε < 4/3. There being no adjustable parameters here, this is a very severe test. We have computed sT /ε from [55] , for RHIC collisions at impact energies ranging from 19.6 to 200 GeV. The results are shown in Figure 4 .
We see that, in this range, sT /ε rises slowly from about 1.16 to about 1.24: that is, it is always below, but not very far below, the upper bound of 4/3. The holographic model has passed this test very satisfactorily.
Reassured by this, we resume our programme to compute M/L 2 using equations (34) and (35) and the data represented in Figure 4 . The results are shown in Figure 5 .
We see at once that the comparison with the phenomenological values leads us directly to values of M/L 2 between 5.5 and 20, well above the critical value, about 4.12, discovered in the preceding Section.
If we had used a more realistic bulk model, involving an electrically charged bulk black hole, then, as we saw earlier, our predictions for M/L 2 would have been still larger. We conclude that, in the absence of vorticity in the plasma (or angular momentum in the The final link in our chain of argument is to show that endowing the bulk black hole with angular momentum, while continuing to fix the specific entropy and temperature at physically reasonable values, can only increase M/L 2 . We now turn to this.
Heavy-ion collisions which are not "head-on" can be expected to generate vorticity in the resulting QGP, and the STAR collaboration has recently obtained [30] [31] [32] [33] experimental evidence of this. The key physical parameter here is the angular momentum density, which we denote by α; phenomenological models [34] permit estimates of this quantity, which depends both on the impact energy and on the centrality of any given collision. We shall be interested in the combination 11 αT /ε, where T is the plasma temperature, as above, and ε is its energy density. This particular quantity will be estimated from the results of [55] as well as those of [34] .
In Figure 6 , we show the results of such calculations; see [57] for the details. Here the range of impact energies corresponds to those employed by the STAR collaboration, beginning at 19.6 GeV per pair 12 , and ranging up to the maximum RHIC impact energy. The centrality (about 17%) is fixed at the value which maximizes the angular momentum density 13 . Figure 6 : αT /ε, after [34] and [55] , for impact energies √ s NN = 19.6, 27, 39, 62.4, and 200 GeV per pair, in each case for centrality 17%.
We see that these maximal possible values range roughly from just over 10 to just over 70. Of course, other centralities will lead to lower values, but in fact, unless one fine-tunes the centrality (to extremely low or extremely high values), αT /ε is always of this order of magnitude.
11 αT /ε is dimensionless in natural units. In SI units, each unit on the vertical axis in Figure 6 is, in the usual notation, c 2 /k B ≈ 6.86 × 10 5 m 2 · s −1 · K. 12 We avoid lower impact energies so as to obviate any reasonable doubt as to whether the QGP is actually formed: see [55] for a discussion. 13 Note that maximizing the angular momentum density is not the same as maximizing the angular momentum itself, since centrality affects the volume of the interaction zone: see [58] . Now we use these values, together with the same values for the specific entropy and the energy density used earlier, to compute M/L 2 in this case. This is done by solving numerically the three equations (7), (8) , and (24) for the three unknowns, a, r H , and M/L 2 . One finds (see the Table) that, at each impact energy, there are three sets of solutions. All of them respect classical Censorship. In every case, there is one solution with a/L < 1 (with M = M 1 ), one in the range 1 < a/L < √ 2 (with M = M 2 ), and one in the range √ 2 < a/L < √ 3 (with M = M 3 ). In this last case, the black hole is always stable against superradiance, but is ruled out by the Seiberg-Witten criterion. The second case is the one of real interest to us: it is the opposite of the last case, in the sense that all of these black holes satisfy the Seiberg-Witten criterion. But the values of M/L 2 in this case are far above the critical value, 4.12: they range from ≈ 1.94 × 10 5 at 19.6 GeV impact energy up to ≈ 2.32 × 10 8 at 200 GeV. Clearly these black holes are very unstable to superradiance.
In short, the only case that survives is the one with a/L < 1; that is, with A/L < 1. The fact that the other cases are so decisively ruled out is significant, for it means that this conclusion does not depend on the precise QGP parameter values we have used 14 . To summarize: AdS 5 black holes with certain small values of M/L 2 do permit a/L and A/L to exceed unity; but these black holes have such low temperatures and specific entropies that they cannot be dual to a possible strongly coupled fluid described by the boundary field theory. They contradict the fact that the QGP would hadronize if one allowed it to cool to that extent; that is, they are in conflict with the existence of confinement.
It is noteworthy that the values of M/L 2 in the intermediate Table) are all very large. Now one can readily prove 15 that, in this case, the dimensionless mass µ satisfies µ > M/L 2 ; so this contradicts the idea (Section 5, above) that the evolution of the black hole mass under Hawking radiation might close the "gap" between the requirements of classical Censorship and the Seiberg-Witten criterion, when A/L > 1. The "gap" remains: our results mean however that such values for A/L are not actually realised.
The dimensionless mass also satisfies µ > M/L 2 in the favoured case, a/L < 1, in which M/L 2 is even larger, for each impact energy, than in the intermediate case; so µ is very large also in this case. The fact that "realistic" AdS 5 -Kerr black holes have very large dimensionless masses (that is, very large physical masses relative to the AdS 5 Planck 14 For example, the entropy density and temperature are in fact slowly varying functions of centrality: see for example [59] for a recent discussion. 15 One can show that µ < M/L 2 is only possible if a/L > 5 1/4 > √ 2. mass 16 ) justifies our essentially classical treatment of them. The upper bound on A/L (note that A/L is always smaller than a/L when both are smaller than unity) is in this case only slightly below 1; as the corresponding values of a/L in the Table are well below this, we see that Censorship is in fact satisfied by a wide margin in this case. Perhaps this means that our formulation of quantum Censorship can itself be strengthened.
To summarize this Section: we have seen that, for realistic values of the parameters describing the boundary field theory, the holographically dual AdS 5 -Schwarzschild geometry has values of M/L 2 well above the critical value, about 4.12, discussed in Section 6 above. Furthermore, we have shown that adding electric charge to the black hole, or causing it to rotate, only serves to increase M/L 2 ; in the latter case, it does so quite dramatically. This means that AdS 5 -Kerr black holes dual to a field theory giving even a qualitatively realistic model of the QGP cannot have A/L > 1, if they are to be stable. This completes our argument for quantum Censorship, expressed in the form A/L < 1 (together with the inequality (18) that gives the precise upper bound on A/L).
Conclusion: The Central Role of Censorship
Holographic duality posits an exact equivalence between a strongly coupled field theory (particularly in four spacetime dimensions) and a semi-classical gravitational system in a five-dimensional spacetime. In most cases, one uses the latter to study the former, but here we have proceeded in the opposite direction: we have used the behaviour of the QGP as a guide to assessing whether certain asymptotically AdS spacetimes exist as solutions of string theory.
Here we have focused on the case of the AdS 5 -Kerr black hole, which is dual to the generic, that is, vortical, state of the matter described approximately by the fourdimensional boundary field theory. We argued that specific properties of the QGP, namely, the fact that it does not permit arbitrarily large angular momentum densities for given energy density, and the fact that it does not exist at low temperatures and specific entropy densities, imply that the classical Cosmic Censorship condition can be very considerably strengthened, so that the angular momentum per unit mass of the black hole is bounded by the asymptotic curvature length scale, L. This we call "quantum Censorship". In this way, one sees that there is a close relation between holography and Censorship for these black holes: the fundamental significance of Censorship is once again underlined.
